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BACKGROUND: Hypoxic–ischemic encephalopathy (HIE) is a major contributor to death and disability worldwide. Remote ischemic
postconditioning (RIPC) may offer neuroprotection but has only been tested in preclinical models. Various preclinical models with
different assessments of outcomes complicate interpretation. The objective of this systematic review was to determine the
neuroprotective effect of RIPC in animal models of HIE.
METHODS: The protocol was preregistered at The International Prospective Register of Systematic Reviews (PROSPERO)
(CRD42020205944). Literature was searched in PubMed, Embase, and Web of Science (April 2020). A formal meta-analysis was
impossible due to heterogeneity and a descriptive synthesis was performed.
RESULTS: Thirty-two papers were screened, and five papers were included in the analysis. These included three piglet studies and
two rat studies. A broad range of outcome measures was assessed, with inconsistent results. RIPC improved brain lactate/N-
acetylaspartate ratios in two piglet studies, suggesting a limited metabolic effect, while most other outcomes assessed were equally
likely to improve or not.
CONCLUSIONS: There is a lack of evidence to evaluate the neuroprotective effect of RIPC in HIE. Additional studies should aim to
standardize methodology and outcome acquisition focusing on clinically relevant outcomes. Future studies should address the
optimal timing and duration of RIPC and the combination with therapeutic hypothermia.
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IMPACT:

● This systematic review summarizes five preclinical studies that reported inconsistent effects of RIPC as a neuroprotective
intervention after hypoxia–ischemia.

● The heterogeneity of hypoxia–ischemia animal models employed, mode of postconditioning, and diverse outcomes assessed at
varying times means the key message is that no clear conclusions on effect can be drawn.

● This review highlights the need for future studies to be designed with standardized methodology and common clinically
relevant outcomes in models with documented translatability to the human condition.

INTRODUCTION
Hypoxic–ischemic encephalopathy (HIE) is a major contributor to
death and disability in neonates worldwide.1 Remote ischemic
postconditioning (RIPC), achieved by short periods of nonlethal
ischemia to a limb after a hypoxic–ischemic (HI) insult, has been
investigated as a potential novel neuroprotectant in animal models
of HIE.2 To date, there has been no systematic appraisal of the
published data on RIPC in HIE to guide the direction and efforts of
future studies. Key design issues involve selecting the appropriate
model, how to apply RIPC, and the clinical relevance of the assessed
outcomes. Knowledge gaps and limitations need to be identified
when weighing the potential for translation to clinical studies and
treatment of human newborns. RIPC has been proposed as a tissue-

protective strategy in a variety of adult conditions including
myocardial infarction, cardiac arrest, and stroke.3,4 However, the
developing brain may respond differently to injury compared to the
adult brain, and neuroprotective treatment may have different
effects, as seen with therapeutic hypothermia (TH). Thus, concei-
vable improvements in the treatment of human neonates have
been reached by the translation of preclinical results from
experiments in young mammals rather than the extrapolation of
results from studies of adult humans. A review of preclinical animal
studies can improve transparency regarding the translation from
preclinical to clinical trials.5 Thus, the purpose of this systematic
review was to evaluate the neuroprotective effect of RIPC in animal
models of neonatal HIE.
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MATERIALS AND METHODS
Review protocol
This systematic review was conducted in accordance with the
Collaborative Approach to Meta-Analysis and Review of Animal
Data from Experimental Studies (CAMARADES) and SYstematic
Review Center for Laboratory animal Experimentation (SYRCLE).6,7

The protocol was registered in The International Prospective
Register of Systematic Reviews (PROSPERO) published on 5
October 2020 (registration number: CRD42020205944).8 We also
adopted the preferred reporting items for systematic review and
meta-analysis (PRISMA) guidelines.9 In accordance with the
PRISMA statement, this systematic review was designed based
on the PICO criteria (population, intervention, control, and
outcomes) as follows:

Types of population: newborn animals exposed to a hypoxic and/or
ischemic insult in an experimental setting.
Types of intervention: RIPC.
Types of comparators: no RIPC.
Types of outcome: any measure of neuropathology or neurological
impairment.
Types of study design: experimental controlled trials.

Search strategy
We searched PubMed, Embase, and Web of Science online
databases using the search terms: (hypoxic ischemic encephalo-
pathy OR perinatal asphyxia OR hypoxic ischemic brain injury)
AND (postconditioning) AND (newborn OR neonate). The refer-
ence lists of included studies were screened for possible
additional eligible studies. Only in vivo studies of the newborn
(or near to full-term newborn human-equivalent) animal models
were included. Studies were allowed any means for the establish-
ment of the insult (e.g., carotid ligation, endotracheal tube
clamping, clamping of the umbilical cord, or reduced fraction of

inspired oxygen). Intervention (exposed) animals were animals
treated with RIPC. Controls (unexposed) were animals subjected to
supportive care only, i.e., no neuroprotective intervention.
Furthermore, studies were included regardless of the timing,
duration, number of cycles, and technique used to achieve RIPC.
Studies were excluded if they did not fulfill the defined PICO

criteria. Studies that achieved postconditioning by other means
than remote ischemia were excluded. The literature search and
screening of publications were performed by two reviewers
(T.C.K.A. and K.J.K.). In case of discrepancies, consensus was
reached by discussion with a third reviewer (B.S.K.).

Data extraction
Data extraction was performed by one reviewer (T.C.K.A.) and
checked for inconsistencies by a second reviewer (K.J.K.). We
extracted information on the author, year of publication, animal
species, number of animals, randomization or matching proce-
dures, insult characteristics, details on the RIPC procedure (timing
after insult, technique, duration, number of cycles), and animal
temperature during the experiment, medication including anes-
thetic drugs provided during the experiment, and detailed
information on outcome measurements.

Risk of bias and quality assessment
The risk of bias and quality of the included studies was assessed by
two reviewers (T.C.K.A. and K.J.K.). In case of discrepancies,
consensus was reached by discussion with a third reviewer (B.S.
K.). The quality of the studies was assessed using a modified
CAMARADES study quality checklist.10 The modified checklist
contained the following: (1) publication in a peer-reviewed journal,
(2) randomization to intervention or control, (3) blinded assess-
ment of outcome, (4) statement of control of temperature,
(5) sample size calculation, (6) statement of compliance with
animal welfare regulations, (7) statement regarding possible
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conflict of interest, (8) use of an established and suitable animal
model, (9) incomplete outcome data, and (10) information on the
health status of the animals at baseline. Assessment of the risk of
bias was performed using the SYRCLES´s risk of bias tool.11

Publication bias was assessed in a qualitative manner (no funnel
plot) due to the few studies identified.

Data analysis
We performed a systematic review including a descriptive
summary of the results due to the anticipated heterogeneity
between studies that would limit our possibility to conduct a
meta-analysis.

RESULTS
Study selection
We found 32 records in PubMed, 32 in Embase, and 11 in Web of
Science, resulting in 32 unique records. No further studies were
identified after screening the reference list of included studies.
After we applied the exclusion criteria and duplicates were
removed, five studies were eligible for full-text assessment and
included in the qualitative synthesis. Reasons for exclusion were
“not original research” (e.g., review or case report), “other
postconditioning” (e.g., postconditioning with hypoxia or sevo-
flurane), and “other reason” (e.g., exposure/intervention incompa-
tible with the PICO criteria or additional neuroprotective
treatments used). The study selection process is illustrated in the
PRISMA flow chart (Fig. 1).

Study characteristics
All studies were performed in laboratory settings by use of
established animal models for HIE. Two were rat studies and three
were piglet studies.12–16 The HI insult was established by a
combination of cerebral ischemia by carotid artery occlusion and
generalized hypoxia by reduced inspired oxygen fraction in four
studies.12,13,15,16 In one study, the HI insult was induced by
stepwise generalized hypoxia targeting a prespecified level and
duration of hypotension.14 In all five studies RIPC was applied by
occlusion of blood flow to both hind limbs. One study applied
plastic strips,14 two studies used rubber bands,12,13 and two
studies used a dedicated device.15,16 RIPC was applied in four
cycles in all five studies. One study used 5min of ischemia and 5
min of reperfusion,14 while four studies used 10min of ischemia
and 10min of reperfusion.12,13,15,16 Temperature was reported in
all studies except one. All reported methods of anesthesia. Study
characteristics of the five studies are summarized in Table 1.

Quality of included studies and risk of bias
The median quality score for the five studies was 8 (range 6–10)
according to the modified CAMARADES checklist. A summary of
the quality scores is presented in Table 2. All studies were
published in peer-reviewed journals, used an established animal
model, reported possible conflicts of interest, included a state-
ment of compliance with animal welfare regulations, practiced
randomization to intervention or control, and blinding of outcome
assessment. Four studies reported temperature. Only two of five
studies reported sample size calculation and only one study
reported the general health status of the animals prior to
intervention.
Risk of bias items according to the SYRCLE’s risk of bias tool was

difficult to assess for several of the studies due to lack of
information. If unclear, assessment is marked with “?” in the
summary presented in Table 3. In two of five studies, we were only
able to assess the risk of bias for less than half of the different
domains. None of the studies reported random selection of
animals for outcome assessment, but all studies reported blinded
outcome assessment. Four of five studies reported on attrition and
animal mortality or morbidity in the follow-up period from insult Ta
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to assessment of outcome. We were unable to assess the risk of
publication bias using the Funnel plot. All studies reported a
positive result on some of the acquired outcomes. Accordingly,
publication bias is likely.

Results of individual studies
A summary of the different outcomes, time of acquisition, number
of animals, and results of included studies are presented in
Table 4.
Kyng et al. evaluated the neuroprotective effect of RIPC at 72 h

after randomization of siblings of same sex to a HI insult by a
gradual decrease of inspired oxygen fraction aiming for a target
mean arterial blood pressure in piglets. RIPC was applied 1 h after
HI in four cycles of 5 min of ischemia and reperfusion. The
outcome was assessed by magnetic resonance imaging (MRI),
magnetic resonance spectroscopy (MRS), neuropathology, and
neurobehavioral score.14 They found a lower whole-brain lactate/
N-acetylaspartate (Lac/NAA) ratio and in the basal ganglia in
piglets that received RIPC than in untreated piglets. No difference
was found in white matter or the thalamus. The level of cerebral
edema, measured by diffusion-weighted imaging, was similar in
the two groups as were brain histology and neurobehavioral
assessment of the animals.
Rocha-Ferreira et al. evaluated the neuroprotective effect of

RIPC indicated by reduced nitrosative stress at 48 h after HI in a
piglet model of HIE.16 HI was induced by carotid artery occlusion
combined with a decrease of inspired oxygen fraction. RIPC was
applied immediately after HI in four cycles of 10 min of ischemia
and reperfusion. By use of immunohistochemistry, they found a
reduced amount of nitrotyrosine deposits, a product of peroxyni-
trite, a potent oxidizing and nitrating agent, in the brain of RIPC-
treated animals. Consistent with this, they also found reduced
expression of inducible nitric oxide synthase (iNOS) and increased
expression of endothelial NOS (eNOS) in RIPC-treated animals. No
difference was found in neuronal NOS (nNOS). Furthermore,
immunohistochemical methods revealed increased microglial and
astrocyte activity in RIPC-treated animals.
Ezzati et al. measured the effects of RIPC at 24 and 48 h in a

piglet model of HIE.15 HI was induced by carotid artery occlusion
combined with a decrease of inspired oxygen fraction. RIPC was
applied immediately after HI in four cycles of 10 min of ischemia
and reperfusion. Outcomes were MRS, amplitude-integrated
electroencephalography/electroencephalography (aEEG/EEG),
neuropathology, and gene expression analysis of cerebral tissue.
MRS performed 48 h after the insult showed a lower Lac/NAA ratio
in white matter and higher whole-brain nucleotide triphosphate/
exchangeable phosphate pool in animals treated by RIPC
compared to untreated animals. There was no difference in Lac/
NAA ratio in the thalamus. Neuropathological analysis showed less
terminal deoxynucleotidyl transferase dUTP nick-end labeling-
positive cells in the corpus callosum, internal capsule, and
periventricular white matter in RIPC-treated animals. Animals
exposed to RIPC also showed an increased number of

oligodendrocytes in the corpus callosum, and periventricular
white matter as well as a lower number of microglia cells in the
corpus callosum. Gene expression analysis identified 74 genes
with a different response in animals treated with RIPC; 63 genes
were downregulated and 11 upregulated. Further analysis of
white matter showed reduced gene expression of ABCC9, CART,
RGS8, and SLC4 in the RIPC group. aEEG/EEG analysis showed no
difference.
Drunalini et al. was the only study that investigated the effect of

delayed RIPC, and of RIPC applied at multiple timepoints.12 In 10-
day-old rat pups HI was induced by right carotid artery occlusion
combined with a decrease of inspired oxygen fraction. RIPC was
applied at 24 h in one group and repeatedly at 24, 48, and 72 h in
another in four cycles of 10 min of ischemia and reperfusion.
Outcomes were neurobehavioral tests, brain weight, gross and
microscopic brain tissue morphology, and organ weight. They
found a more favorable result of the neurobehavioral test, foot
fault test, in the animals that received RIPC at multiple timepoints
compared to untreated controls. They found no difference
between the two groups that received RIPC compared to the
untreated group with regards to other neurobehavioral tests,
organ weight, or brain volume loss.
Zhou et al. evaluated the proposed neuroprotective mechan-

isms of RIPC by the opioid receptor/Akt pathway in 10-day-old rat
pups.13 The study defined several groups of animals that received
various potential neuroprotective treatments. For this systematic
review, only animals exposed to a HI insult that received RIPC and
no treatment were extracted. HI was induced by carotid artery
occlusion combined with a decrease of inspired oxygen fraction.
RIPC was applied immediately after HI in four cycles of 10 min of
ischemia and reperfusion. They found better performance in three
different neurobehavioral tests in animals treated with RIPC. They
also found a higher pAkt density and lower Bax density in cerebral
tissue from animals treated with RIPC compared to animals
without treatment suggestive of Akt blockage of the Bax-
mediated proapoptotic pathway. RIPC-treated animals had small
infarct volume but no difference in brain weight.

DISCUSSION
To our knowledge, this is the first systematic review on the
potential neuroprotective effect of RIPC in animal models
developed to reflect HIE by induction of a standardized HI insult.
We identified five studies performed in both small and large
animal models with a variety of outcome measurements. Four of
five studies included outcome data and one study evaluated only
on the potential mechanism of action of RIPC. Due to the
differences in studies with respect to animal species, the HI insult,
RIPC application, and outcome measurements we were unable to
provide a meaningful common quantitative measure of the effect
of RIPC in HIE by meta-analysis. Instead, study results were
assessed and interpreted by the use of qualitative, structured
methods. Whole-brain Lac/NAA ratio was lower in animals treated

Table 2. Study quality assessed using the modified CAMARADES study quality checklist.

Author/year 1 2 3 4 5 6 7 8 9 10 Total quality score

Kyng et al., 2020 √ √ √ √ √ √ √ √ √ – 9

Rocha-Ferreira et al., 2016 √ √ √ √ – √ √ √ √ – 8

Ezzati et al., 2016 √ √ √ √ √ √ √ √ √ √ 10

Drunalini et al., 2014 √ √ √ √ – √ √ √ √ – 8

Zhou et al., 2011 √ √ √ – – √ √ √ – – 6

(1) Publication in a peer-reviewed journal, (2) randomization to intervention or control, (3) blinded assessment of outcome, (4) statement of control of
temperature, (5) sample size calculation, (6) statement of compliance with animal welfare regulations, (7) statement regarding possible conflict of interest, (8)
use of an established and suitable animal model, (9) incomplete outcome data, and (10) information on the health status of the animals at baseline.
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with RIPC than in controls in both piglet studies using this
measure. None of the rat studies reported on this outcome.
Results from studies of neuropathology ranged from no difference
to fewer TUNEL-positive cells with RIPC treatment. Rats with HIE
treated with RIPC performed better than with no RIPC on some
short-term behavioral tests, while piglets’ test performance was
independent of whether RIPC was provided. Immunohistochem-
istry and gene expression analysis indicated activation of several
protective mechanisms with RIPC. There was great inconsistency
in results between studies and the included studies reported
several outcome measures for which no effect was found. Four of
five included studies applied a localized insult through carotid
ligation in combination with hypoxia. Compared to the global
hypoxic insult with multiorgan injury in neonatal HIE, carotid
ligation risks more similarities with neonatal stroke and may
further complicate the translation of results. Whether improve-
ments in specific biomarkers of brain injury and proxy outcomes
translate to an overall neuroprotective effect in human neonates
warrants further investigation. Several different outcomes ana-
lyzed in studies without prespecified primary outcomes increase
the risk of bias in interpretation.

MRI and immunohistochemistry
In human observational studies, Lac/NAA ratio has been shown to
be an accurate early biomarker of neurodevelopmental outcome
in clinical trials of neonatal HIE.17–19 In the piglet studies by Kyng
et al. and Ezzati et al., RIPC resulted in lower brain Lac/NAA ratios
measured by MRS at 48 and 72 h after the HI insult.14,15 The timing
of outcome assessment must be taken into account when
interpreting results. In the primary phase of injury, lactate
production is predominantly caused by anaerobe metabolism.20

At 48 and 72 h after the insult, gas exchange and circulation have
been re-established. At this time point in the secondary phase of
injury, lactate production most likely results from mitochondrial
failure and secondary cell death.21 There was inconsistency in the
two studies included in this review where Kyng et al. found a
difference in deep gray matter and whole brain, but not in white
matter, while Ezzati et al. found a difference in white matter but
not deep gray matter.
Zhou et al. investigated the effect of RIPC on the P13K/Akt

pathway and found that RIPC-treated animals had increased
expression of pAkt at 24 and 48 h after HI.13 They also found
reduced Bax expression in RIPC-treated animals, suggestive of Akt-
dependent block of the Bax-dependent proapoptotic pathway.22

Rocha-Ferreira et al. found reduced levels of iNOS and reduced
amount of nitrotyrosine deposits 48 h after HI in RIPC-treated
piglets.15 They also found increased levels of eNOS. Contrary to
the two other NOS isoforms, nNOS and iNOS, eNOS activation has
been proposed to contribute to neuroprotection through
vasodilation.23

Two of the studies included in this review investigated the
effect of RIPC on neuromodulation.15,16 Ezzati et al. found reduced
expression of Iba1-positive cells in the corpus callosum of RIPC-
treated piglets.15 In contrast, Rocha-Ferreira et al. found a higher
level of microglial activation of RICP-treated piglets.16 However,
the role of microglial activation in HIE is complex as microglia may
have pro- or anti-inflammatory properties, depending on
polarization.24

Short-term neurobehavioral outcomes
Three of the included studies evaluated the effect of RIPC on
short-term neurobehavioral outcomes.12–14 Kyng et al. utilized a
standardized neurological score for functional assessment of
piglets and found similar performance in piglets treated with and
without RIPC when evaluated at 24, 48, and 72 h after the HI
insult.14 Zhou et al. performed functional assessment 4 weeks after
the insult, with modified grip-traction test, forelimb placement
test, and back pressure test.13 They found that RIPC-treated ratsTa
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performed better than untreated controls in all three tests.13

Drunalini et al. performed sensory–motor function tests 5 weeks
after HI.12 They found that rats that received RIPC performed
better in the foot fault test but not on the wire hang, t-maze, water
maze, or beam balance test.12 Consequently, the limited
neuroprotective effect of RIPC suggested by MRS and neuro-
pathology data do no correspond to results by neurobehavioral
testing in the secondary phase of injury and the effect on
neurobehavioral test at later timepoints corresponding to the
tertiary phase of injury are inconsistent.25

Limitations
The studies included had a median quality score of 8 (range 6–10)
evaluated by the CAMARADES checklist. Only one study reported
on the health status of the animals. Inclusion of impaired or sick
animals may influence results, in particular, if not equally
distributed in the two exposure groups.26 Three of five studies
provided no sample size calculations. Sample size calculation is
important to reduce the number of animals included in order to
comply with high ethical standards and the 3R principle,27 to
optimize the possibility of detecting a true effect, and to avoid
overestimating an association by chance.28

All studies but one reported on animal temperature control.
However, only two studies reported consecutive data on
temperature during the experiment.14,15 This is essential as TH is
the current gold standard treatment for HIE.29 In a review on
temperature control from 2017 by Galinsky et al., 31% of the
studies on neuroprotective strategies failed to report on
temperature.30 If animals are not kept within the normal range
of body temperature both hyper- and hypothermia may influence
the outcome and if not evenly distributed between the two
intervention groups bias may result. When animals are kept in
general anesthesia during the entire experiment, body tempera-
ture is controlled by the caregivers, which also underlines the
importance of blinding of treatment allocation. In longer
experiments where animals are kept in cages, the random
allocation for housing is key as cage size, material, placement,
bedding, and number of animals placed in the cage may affect
thermoregulation and stress level.31

A limitation of this review is the small number of studies with
very different outcome measures, and therefore no possibility to
conduct a meta-analysis. Furthermore, RIPC was evaluated in two
different animal species using different modes of inducing HI. Of
note, all but one study used hypoxia in combination with carotid
artery ligation, which may not model clinical HIE. We were unable
to evaluate the full risk of bias in some of the included studies due
to missing information. In particular information on the risk of bias
items related to the internal validity of the study was missing, i.e.,
the extent to which the design and conduct of the experiment
eliminated the possibility of bias.26 “Blinding (performance)” and
“Random outcome assessment” were the two domains where
information was absent in several of the studies. If not properly
blinded, handling of the animals by caregivers and technical
personnel could contribute to performance bias especially when
there are longer observation times and the animals are critically ill
and need continuous and intensive care. Lack of random
allocation to outcome assessment would, if present, contribute
to detection bias. An example is the time point chosen for
outcome assessment, as the circadian rhythm in most animals will
influence several biological processes.32 All five studies were
graded as “high risk of bias” in the domain “Other sources of bias.”
The reason was a risk of bias from the use of anesthetic drugs,
since all studies used drugs that may have neuroprotective
properties. However, this would only create a bias if neuroprotec-
tion by drugs abolished the potential effect from RIPC and thus
create a bias towards no neuroprotective effect of RIPC, i.e., the
null hypothesis.33

To ensure reproducibility and transparency, it is advisable for
future studies to report in accordance with the updated ARRIVE
2.0 guidelines and to report sufficient information for complete
assessment with the SYRCLES’s risk of bias tool.34 Only three of the
five included studies reported their findings in accordance with
the ARRIVE guidelines.35

Knowledge gaps and future perspectives
The studies included in this review investigated various outcomes
acquired at different timepoints, some of which improved after
RIPC, and some not. Thus, there is a lack of consistency and
significant knowledge gaps remain. As TH is currently the gold
standard treatment for newborns with HIE, the combined effect of
RIPC and TH calls for an investigation. So far, only one study in
piglets has investigated this. No added neuroprotective effect of
RIPC was revealed by aEEG, MRI, and MRS.36 The HI insult was mild
and may therefore not be in keeping with clinical findings in TH.
Outcome measurements were only acquired within the first 24 h
after the HI insult, potentially missing the neuroprotective effect in
the secondary phase of injury. Thus, further experiments are
needed to study RIPC combined with TH after a more severe HI
insult. Studies included in this review applied RIPC in four cycles
with 5 or 10 min of ischemia and a similar duration of reperfusion.
Only one study investigated the effect of RIPC applied several
hours after the insult and RIPC applied at multiple timepoints
(Table 1). Experimental dosing of the conditioning treatment is
important. Initial animal studies on preconditioning suggested a
very steep dose–response-like curve, achieving maximal response
once a certain threshold is passed.37 Studies of myocardial
infarction in rats have indicated that the effect of RIPC increases
with repetition over days.38 Studies of RIPC in humans have also
shown a dose dependence in the number of cycles, with a
threshold of >2 cycles of 5 min to achieve an effect.3 The timing,
duration, and number of cycles of RIPC thus need further
investigation. No adverse effects have been noted in clinical trials
of RIPC for other conditions in human adults. There were no
control (sham) animals included in this review and thus potential
adverse effects have not been evaluated. The evidence base for
translation to clinical trials would benefit from a consensus on
design, standards, and key outcomes as applied in the preclinical
evaluation of novel neuroprotective drugs for acute ischemic
stroke.39 We therefore suggest, in addition to mechanistically
explorative outcomes, to emphasize clinically relevant biomarkers
such as MRS and neurobehavioral outcomes bridging animal and
human studies.

CONCLUSION
The findings in this review were inconsistent across studies with
respect to both methodology and outcomes, and not all
biomarkers analyzed improved after RIPC. Whether this translates
to neuroprotection after HI insults require further investigation.
Thus, additional studies exploring the optimal timing and duration
of RIPC, and the potential effect in addition to TH are warranted.
This review highlights the need for common clinically relevant
outcomes in standardized models with documented translatability
to the human condition in the design of future studies.
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